Abstract Two-pore domain K + (K 2P ) channels are involved in a variety of physiological processes by virtue of their high basal activity and sensitivity to various biological stimuli. One of these processes is secretion of hormones and transmitters in response to stimuli such as hypoxia, acidosis, and receptor agonists. release from internal stores to cause aldosterone secretion. Thus, inhibition of resting (background) K + channels and subsequent activation of voltage-gated Ca 2+ channels and Na + -permeable non-selective cation channels may be a common ionic mechanism that lead to hormone and transmitter secretion.
Introduction
Excitable and non-excitable cells express two-pore domain K + (K 2P ) channels that provide the cell with the ability to maintain a negative resting membrane potential (Em) and to respond to various biological stimuli. Some K 2P channels such as TASK1 (K 2P 3.1), TASK3 (K 2P 9.1), THIK-1 (K 2P 13.1), and TRESK (K 2P 18.1) are basally active across the physiological range of Em and therefore help set the resting Em [17] . These K 2P channels also serve to limit depolarization and promote repolarization. K 2P channels such as TREK1 (K 2P 2.1) and TREK2 (K 2P 10.1) generally exhibit low basal activity at rest but are strongly activated by external stimuli such as free fatty acids and mechanical stretch of the membrane [34] . Other K 2 P channels such as TWIK1 (K 2 P 1.1), TASK5 (K 2P 15.1), and THIK2 (K 2P 12.1) produce little or no measurable plasma membrane currents under physiological conditions but may become active under pathophysiological conditions. Whether they also function as ion channels of intracellular organelles is not yet known, but is a distinct possibility. K 2P channels have now been implicated in a number of physiological functions such as chemoreception, hormone secretion, pain perception, fluid and salt balance, and neuroprotection [5] . In this article, we describe and discuss the role of K 2P channels in stimulus-secretion coupling in the carotid body and adrenal gland.
Role of K 2P channels in stimulus-secretion coupling in the carotid body
The primary function of carotid body chemoreceptors (also known as Type 1 or glomus cells) is to detect a change in arterial O 2 pressure and convert this signal to increased or decreased secretion of appropriate transmitters. The transmitters bind to their receptors present at the nerve terminals of afferent carotid sinus nerve, generate action potentials that propagate to the brainstem cardiorespiratory center and increase ventilation and affect the autonomic nervous system function. During hypoxia, this feedback mechanism helps to maintain the arterial O 2 pressure close to the normal level. Although the general signaling pathways by which hypoxia increases the transmitter secretion from glomus cells are known, a detailed understanding of the roles of various ion channels in this process remains incomplete and some aspects of signaling by ion channels are controversial. TASK1 and TASK3 are highly expressed in glomus cells and inhibited by hypoxia and acidosis, but their role in O 2 sensing and subsequent transmitter secretion is still poorly defined, as discussed below.
TASK1/3 as the hypoxia-sensitive background K + channel in carotid body glomus cells
Hypoxia inhibits the background K + current to cause depolarization that eventually leads to transmitter secretion. Therefore, the first set of studies has dealt with the identification and the hypoxic sensitivity of the background K + channel expressed in glomus cells. These studies have identified a TASK1-like K + channel as a target of hypoxia in rat glomus cells [12] . More detailed biophysical and pharmacological analyses based on single-channel recording in cell-attached patches showed that a major isoform of TASK expressed in glomus cells was a heteromer of TASK1 and TASK3 and that this heteromer was inhibited by hypoxia [35, 60] . This conclusion was made possible because earlier studies showed that TASK1 and TASK3 could form a heteromer and that the single-channel conductance of TASK3, but not that of TASK1, was reduced by external divalent cations [15, 45] . If the concentration of divalent cations in the external solution is ∼3 mM or higher, distinguishing between TASK1 and TASK3 becomes difficult as the kinetic properties of TASK1 and TASK3 are similar (∼16-pS). Figure 1 also shows that rat and mouse glomus cells express mainly TASK1/3 heteromer with some contribution from TASK-1 and TASK-3 homomers. Recent studies using TASK knockout mice have also provided evidence that TASK1/3 heteromer is the major background O 2 -sensitive channel in mouse glomus cells [60] . As TASK1/3 is the main ion channel present in cell-attached patches near the resting Em, TASK1/3 should provide a major fraction of the background K + current that helps set the resting Em in rat and mouse glomus cells.
Interestingly, carotid body from human patients expressed TASK1 but not TASK3, as judged by microarray and PCR analyses [24, 42] . Because whole carotid body consists of many types of cell, it would be important to confirm such findings by showing that the 16-pS TASK1 but not the 34-pS TASK3 is present in cell-attached patches of human glomus cells. Finding of only TASK1 in human glomus cells would suggest a species-dependent expression of TASK isoforms in the CB. If this were true, what would be the advantage of having TASK1 in human carotid body and TASK1/3 in the rodent? Small differences in pH sensitivity and O 2 sensitivity exist between TASK1 and TASK1/3, but they do not suggest any clear explanation.
Although glomus cells from all breathing animal species are believed to possess O 2 -sensitive K + channels, whether TASK is expressed and what TASK isoforms are present is largely unknown except for those of rat and mouse. It would be interesting to know which TASK isoform is used as O 2 -sensing K + channels in various species. It is also possible that ion channels other than TASK, such as Kv and BK, are used for O 2 sensing in some species. In preliminary experiments using dissociated cells from the carotid body, we detected THIK1 messenger RNA (mRNA) in clusters of rat glomus cells by RT-PCR, suggesting that THIK1 may also contribute to the background K + conductance. Because the single- channel conductance is ∼5 pS [32] , it is difficult to clearly identify THIK1 when the 34-pS TASK channels are always active in the same patch. Based on our initial observation, THIK-1 activity was low compared to that of TASK. Chronic hypoxia is well known to be associated with remodeling of the carotid body, enhanced chemoreceptor sensory response, and ventilatory acclimatization to hypoxia. This suggests that chronic hypoxia may enhance the level of transmitter secretion to increase the sensory response. It seems quite possible that the level of expression and the hypoxic sensitivity of TASK may be modified in chronic hypoxia to produce such changes in cellular and physiological responses. Cell surface expression of TASK is regulated by a number of cellular signals [51, 67] , and it seems likely that chronic hypoxia can modify the function of these signals to alter the expression level. Chronic hypoxia can also alter mitochondrial function to sensitize TASK to hypoxia. These are exciting possibilities to test in the future. [49] [50] [51] [52] . This would mean that inhibition of BK is responsible for the transmitter secretion. In our own studies using isolated glomus cells with a resting Em of ∼−60 mV, BK was clearly expressed but was always in the closed state, presumably due to a low [Ca 2+ ] i in resting cells [35] . Depolarization of the membrane patch by more than ∼30 mV was necessary to observe opening of BK, which presumably occurs as a result of cell depolarization and an increase in [Ca 2+ ] i . Therefore, we feel that in isolated and clustered glomus cells, BK is unlikely to participate in the initial depolarization elicited by hypoxia. This is consistent with the earlier finding in isolated rat glomus cells that application of tetraethylammonium (TEA) that blocks BK, has no effect on [Ca 2+ ] i [9] . The different views on BK function in O 2 sensing remains unresolved at this time and could be due to different basal resting Em of cells used in different studies. Different isolation procedures could also account for the differences in resting Em levels.
In our studies, we observed low frequency spontaneous depolarizations in a small fraction of isolated glomus cells in normoxia, possibly in part due to perfusion-induced mechanical disturbance of glomus cells [1] 
Studies in mice lacking the TASK gene
The role of TASK in hypoxia-induced transmitter secretion has been studied in TASK knockout mice, but the findings from these studies are unexpected and interpretation is not straightforward. In the first study, the hypoxia-and hypercapnia-induced increase in ventilation was impaired in mice express markedly different levels of TASK3 and TASK1, respectively, and thus affect the degree of the hypoxic response.
In another study, the resting Em of glomus cells measured by perforated patch technique was ∼3 and ∼5 mV more depolarized in TASK1 −/− and TASK1/3 −/− mice, respectively, than wild type mice whose resting Em was −57 mV [47] . Interestingly, catecholamine secretion in response to hypoxia was maintained in TASK1/3 −/− mice even after blockade of BK channels. In support of these findings, [Ca 2+ ] responses to hypoxia and cyanide were similar in TASK knockout and wild type mice, regardless of which TASK isoform was deleted [60] . These studies suggest that TASK has a minor role in peripheral chemoreception. However, it is difficult to reconcile the findings observed in TASK −/− mice with what we know about TASK1/3 in glomus cells, which is that TASK1/3 is the major background K + channel and strongly inhibited by hypoxia [10, 35] . Could it be that the loss of TASK1/3 is somehow compensated by a change in chemoreceptive mechanism in the carotid body as well as in other respiratory areas of the brainstem? If so, there must be other ion channels that are open near the resting Em and sensitive to inhibition by hypoxia, but such channels have not yet been reported. It would be interesting to determine which non-TASK ion channels are expressed in TASK1/3 −/− mice and which of these ion channels are sensitive to hypoxia. Central chemoreception as judged by the ventilatory sensitivity to elevated pCO 2 was found to be unchanged in TASK1/3 −/− mice compared to wild type mice [43] . Therefore, the remodeling may be specific to the peripheral chemoreceptors. To resolve these important issues, a conditional knockout system with drug-controlled transcriptional activation where transcription of a gene can be reversibly turned on or off would be preferred. This would limit the extent of remodeling of the O 2 sensing mechanism and allow one to study the function of an ion channel without involvement of large compensatory mechanisms.
TASK inhibition recruits a Ca

2+
-activated, Na
+ -permeable cation channel
When a K + channel such as TASK is inhibited by hypoxia, it is the resting Na + influx via Na + -permeable channels that depolarize the cells. Na + -permeable channels can be background Na + channels or non-selective cation channels (NSCC). NSCC is usually expressed in nearly every cell type, and we have recently identified and characterized a 20-pS NSCC in glomus cells [33] . The 20-pS channel is mostly closed in normoxia and therefore is not a background Na + channel that is basally active. Interestingly, hypoxia-induced inhibition of TASK1/3 was quickly followed by activation of the 20-pS channel. In addition to hypoxia, stimuli that depolarized glomus cells such as high external KCl and acid (pH 6.0) also activated the 20-pS channel. Further studies showed that the rise in [Ca 2+ ] i was directly responsible for the activation of the NSCC channel. Thus, a part of the hypoxia-induced depolarization is due to Na + influx via NSCC. Increased Na + influx should enhance Ca 2+ influx via voltage-dependent Ca 2+ channels and contribute to the elevation of [Ca 2+ ] i until a steady state level is reached for a given level of hypoxia. Although the properties of the 20-pS NSCC channel are similar to those of TRPM4 and TRPM5 that are also Ca 2+ -activated monovalent cation channels, TRPM4
−/− and TRPM5 −/− mice still expressed the 20-pS channel. Therefore, the molecular identity of the 20-pS NSCC is yet to be determined. The threshold level of [Ca 2+ ] i that activated NSCC was about ∼100 nM higher than the basal [Ca 2+ ] level of ∼100 nM measured and calculated with our protocol. Studies in isolated rat glomus cells showed that a mild level of hypoxia (>5 % O 2 ) inhibits TASK activity up to 50 % and produces a small increase (∼100 nM above basal) in [Ca 2+ ] i . However, this low level of increase in [Ca 2+ ] was generally ineffective in activating NSCC. A moderate to severe hypoxia (0-5 % O 2 ) inhibited TASK activity by 50-80 %, increased [Ca 2+ ] i above ∼200 nM, and activated NSCC. As the reversal potential of the 20-pS channel is ∼−28 mV, its activation should lead to Na + influx and further depolarization up to −28 mV. These findings suggest that the transmitter secretion produced by mild hypoxia is probably due to inhibition of TASK and a small rise in [Ca 2+ ] i without involvement of the NSCC. On the other hand, transmitter secretion produced by moderate to severe hypoxia is likely to involve TASK inhibition and enhanced Na + influx via the NSCC due to the higher level of [Ca 2+ ] i . Thus, NSCC may provide a mechanism to enhance depolarization and the rise in [Ca 2+ ] i during moderate to severe hypoxia. These ionic mechanisms are schematically illustrated in Fig. 2 , which shows a model of O 2 sensing that incorporates both TASK and the 20-pS channel. The contribution of TASK and the NSCC to the excitation of glomus cells in response to hypoxia needs to be further demonstrated using a selective inhibitor. In the future, it would be important to show that the 20-pS cation channel is also expressed in human glomus cells. Defining the function of the 20-pS channel in glomus cells in more intact system (i.e., in undissociated carotid body) would also be important to further understand its role in hypoxia-induced transmitter secretion from glomus cells.
Role of TASK in autoregulation of transmitter secretion in glomus cells
Hypoxia causes secretion of many transmitters from glomus cells, and these include dopamine, acetylcholine (ACh), ATP, endothelin, nitric oxide, and serotonin [44, 46] . Among these, ACh and ATP are thought to be the primary transmitters that increase afferent carotid sinus nerve activity [66] . These agonists are thought to "autoregulate" transmitter secretion via autocrine and paracrine pathways, where they bind to receptors present on glomus cells and modify glomus cell excitability. The effects of transmitters on the carotid body function are very complex, where some transmitters suppress and others enhance the initial response to hypoxia. The effect of each secreted transmitter on glomus cell excitability, the net effect of all secreted transmitters on glomus cell excitability, and the concentrations reached at the nerve terminal are yet to be clearly defined.
Although we now know that transmitters bind to the receptors on glomus cells, the signaling pathways that modulate the transmitter secretion are not well defined. Most transmitters secreted by glomus cells bind to receptors that are coupled to Gq, Gs, and Gi/o whose cellular targets include TASK (Fig. 3) . The reported mechanisms by which an agonist that binds to a Gq-coupled receptor inhibits TASK include a direct action of Gqα on TASK, depletion of membrane phosphatidylinositol-4,5-bisphosphate, phosphorylation by protein kinase C, and a PLC-mediated pathway unrelated to PKC [13, 41, 54, 61] . Most recently, Wilke et al. showed that diacylglycerol mediates the Gq-dependent inhibition of TASK. Because most of the studies on signaling pathways involving G proteins have been performed in heterologous expression systems, it is difficult to know which of these mechanisms are functional in native cells. Regardless of the mechanisms involved, agonists such as angiotensin II (AngII), endothelin-1, ATP, serotonin, and dopamine that can bind to Gq-coupled receptors are predicted to inhibit TASK and thus augment transmitter secretion. In our own study, 0.1 μM AngII applied to cell-attached patches of rat glomus cells did not significantly affect TASK activity but elevated [Ca 2+ ] i (unpublished). This finding suggests that the AT1 receptor-Gq is coupled to ER Ca 2+ release but not to TASK in glomus cells. In the future, it will be necessary to test the effect of each transmitter as well as receptor antagonists on TASK and cell function in glomus cells to determine which transmitters inhibit TASK and which signaling mechanism is involved. For transmitters such as AngII and ACh that augment [Ca 2+ ] i in glomus cells presumably via release of Ca 2+ from internal stores as well as influx from extracellular space [19, 27] , it would also be interesting to know whether they also activate the Ca 2+ -sensitive non-selective cation channel to help sustain the [Ca 2+ ] i response and transmitter secretion. Interestingly, baclofen, a γ-aminobutyric acid (GABA B ) receptor agonist coupled to Gi/o, was found to increase TASK-like current in glomus cells and this was via protein kinase A (PKA) [25] . On the other hand, adenosine acting on Gs-coupled A2a receptor inhibited TASK-like current and caused depolarization and elevation of [Ca 2+ ] i via the PKA pathway [64] . These results suggest that TASK activity is regulated by phosphorylation by PKA. As whole-cell recordings cannot really identify TASK, it is unclear whether the recorded current affected by PKA was truly TASK. It has become customary to call a voltage-independent leak current as TASK, but one has to keep in mind that there are other non-TASK leak channels. A more definitive study is needed to address the PKA-TASK coupling by recording TASK channels only and also show that phosphorylation of TASK by PKA modulates TASK activity in carotid body glomus cells. In future studies, it would make sense to record single identifiable TASK channels in response to inhibitors and activators of PKA using glomus cells or other native cells that express TASK.
Insensitivity of cloned TASK to hypoxia in mammalian cell lines
There are two important differences in TASK function in glomus cells and in cell lines made to express TASK by transfection. First, endogenous TASK expressed in glomus cells is highly sensitive to hypoxia (Fig. 4a) , but TASK1, TASK3, or TASK1/3 expressed in mammalian cell lines such as HEK293, COS-7, or HeLa cells show very low or no sensitivity to hypoxia (Fig. 4b) . Second, TASK in glomus ] i in response to a given level of hypoxia Fig. 3 Putative auto-regulatory mechanisms involving TASK in glomus cells. Glomus cells express a large number of different types of receptors coupled to Gs, Gi, and Gq. Transmitters secreted from glomus cells by hypoxia probably bind to such receptors and modulate cell excitability via autocrine and paracrine pathways. Although it has been suggested that agonists linked to PKA modulate TASK activity, this remains to be proven. Agonists coupled to Gq are predicted to inhibit TASK activity, but they have not yet been tested directly in glomus cells. Which of these transmitters produce a significant feedback on hypoxia-induced depolarization is not clear, and this topic remains an area of future study cells is highly sensitive to intracellular [ATP] such that washout of ATP (by forming an inside-out patch) results in a large decrease (∼90 %) in TASK activity [62] . However, removal of ATP from these mammalian cell lines expressing a TASK by forming an inside-out patch has a minimal effect on TASK activity (Fig. 4c) . In fact, one potential proposed mechanism by which hypoxia inhibits TASK in glomus cells is a decrease in cytosolic [ATP] near the plasma membrane due to reduced generation of ATP by mitochondria [11, 62] . Therefore, one reason that hypoxia does not inhibit TASK expressed in the cell lines may be that cloned TASK is insensitive to ATP.
The different sensitivities of TASK in glomus cells and cell lines to hypoxia and ATP pose an interesting dilemma because TASK in glomus cells and HEK/COS/HeLa cells is expected to be structurally and functionally identical. Consistent with this notion, TASK1/3 expressed in cell lines shows biophysical properties and sensitivities to various modulators (pH o , ruthenium red, divalent cation) similar to those observed with TASK in glomus cells [35] . The finding that TASK expressed in cell lines is insensitive to ATP is intriguing, as it suggests the presence of an ATP-sensitive accessory protein in glomus cells that is not present elsewhere. Identifying the mechanism of the difference in ATP sensitivity should reveal an important aspect of TASK function that we do not yet know.
For hypoxia signaling, it seems likely that intracellular signaling components for hypoxia-TASK coupling is either missing in cell lines or that the sensitivity of the O 2 sensing system is low compared to that in glomus cells. As the hypoxic inhibition of TASK is thought to be via inhibition of the mitochondrial oxidative phosphorylation process, perhaps the mitochondrial O 2 sensing hemeproteins are far less sensitive to hypoxia in cell lines than those in glomus cells. Indeed, it was found that the mitochondria of glomus cells are unusually sensitive to hypoxia compared to those of sympathetic neurons, based on measurement of mitochondrial Em and [NADH] [11] . Differences in the O 2 affinity of mitochondrial enzymes could also explain why glomus cells from newborn animals are less sensitive to hypoxia than those from older (>3 weeks) animals with respect to both TASK inhibition and rise in [Ca 2+ ] i [38, 56] . Numerous studies have shown that mitochondria undergo postnatal maturation of enzymatic activities, coupling between enzymes and enzyme synthesis. Whether such changes occur during postnatal maturation of carotid body would be important to know. 
Role of TASK in hypoglycemia-secretion coupling
The role of carotid body as a chemosensor for hypoxia, hypercapnia, and acidosis is well established, but its role as a glucosensor is controversial. In a study, the carotid body (or receptors anatomically close by) was required for insulininduced counter-regulatory response to mild hypoglycemia in dogs [39] . In support of this finding, low glucose stimulated the secretion of catecholamines in rat carotid body slices, the secretion of ACh in whole cat carotid bodies, and the sensory discharge in co-cultured glomus cell-petrosal neuron preparations [26, 48, 65] . In other studies using isolated preparations where chemoafferent nerve discharge or catecholamine secretion was measured, low glucose failed to elicit a response [6, 28] . In isolated glomus cells from ∼2-3-week-old Sprague-Dawley rats, removal of glucose did not elicit an increase in [Ca 2+ ] i or inhibit TASK activity [37] . In glomus cells isolated from adult Wistar rats, removal of glucose from the perfusion solution produced a small increase in [Ca 2+ ] i and potentiated the hypoxia-induced increase in [Ca 2+ ] i [28] . The rise in [Ca 2+ ] i produced by glucose-free solution was attributed to inhibition of sodium pump and modulation of Na/Ca exchanger.
Thus, evidence for and against the role of carotid body as a glucosensor have been presented, but it is difficult to resolve the opposite findings. In experiments where low glucose excites glomus cells, could TASK be involved? Our own studies showed no acute (∼5 min) effect of removal of glucose on TASK activity or the resting Em in isolated rat glomus cells, and therefore, we are led to conclude that the carotid body is unlikely to be a direct glucosensor that rapidly detects the level of arterial glucose concentration. Rather, it may be an indirect effect of metabolic changes produced by hypoglycemia that modulates the carotid body function, as suggested previously [6] . Further studies are needed to study the relationship between various metabolic conditions and the function of the carotid body.
Role of K 2P channels in stimulus-secretion coupling in the adrenal gland
Adrenal gland is another organ that expresses a high level of TASK. Both adrenal medulla and cortex show abundant expression of TASK1 and TASK3 with high basal activity. TREK-1 is also expressed in the adrenal gland [21] . TASK5 mRNA is detected in human adrenal gland, but cloned TASK5 does not form a functional channel at the plasma membrane [36] . Thus, cells of the adrenal gland use TASK and TREK to regulate their resting Em and excitability.
Chromaffin cells of adrenal medulla secrete catecholamines in response to ACh released from sympathetic preganglionic neurons within the splanchnic nerve. Catecholamines regulate vascular resistance and cardiorespiratory function in preparation for physical activity (fight-or-flight response). In the newborn, hypoxia and acidosis stimulate the secretion of catecholamines directly from adrenal medulla, as a part of the physiological response to adapt to the new atmospheric environment. In adrenal glomerulosa cells, angiotensin II (AngII) causes secretion of aldosterone that regulates blood pressure by increasing reabsorption of sodium and increased excretion of both potassium (by principal cells) and hydrogen ions (by intercalated cells of the collecting duct) in the kidney. There is now evidence indicating that stimulus-induced secretion of these hormones involves TASK and TREK.
TASK and secretion of catecholamines
Innervation of adrenal medulla by the sympathetic nervous system is absent in the newborn and occurs during the first few weeks of life [7, 57] . When the sympathetic innervation is present, the secretion of catecholamines from the adrenal chromaffin cells in response to increased sympathetic activity is due to ACh binding to nicotinic receptors whose opening results in Na + influx, cell depolarization, opening of the Ca ] i , and exocytosis of vesicles containing catecholamines. In the newborn, where the innervation of the adrenal gland is not present, the secretion of catecholamines that occurs in response to stress such as hypoxia and acidosis is also produced as a result of elevation of [Ca 2+ ] i , but this does not involve Na + influx via nicotinic receptors. In adrenal medullary cells of newborn animals, studies show that hypoxia-induced elevation of [Ca 2+ ] i is mediated by inhibition of mitochondrial oxidative phosphorylation [8] . Could the mechanism in adrenal chromaffin cells therefore be similar to that in carotid body glomus cells and occur via inhibition of TASK? Although TASK is expressed in adrenal chromaffin cells, the role of this K + channel in hypoxiainduced secretion of catecholamines is not clear. To address this question, we recorded single channels from cell-attached patches from adrenal medullary chromaffin cells isolated from newborn rats. The most abundant channel was identified to be TASK1/3 with properties similar to that in carotid body glomus cells (Fig. 5a ). TASK1/3 in adrenal cells was moderately sensitive to hypoxia, with 30-40 % reduction in channel activity. Therefore, the inhibition of TASK may partly underlie the hypoxia-induced depolarization, elevation of [Ca 2+ ] i , and secretion of catecholamines from adrenal medullary cells. Non-neurogenic response of adrenal chromaffin cells to hypoxia and hypercapnia observed in newborn animals disappears after ∼2 weeks, as the adrenal gland begins to be innervated. After innervation, the medullary cells lose their sensitivity to hypoxia. It would be interesting to know whether this is due to a loss of hypoxic sensitivity of TASK.
In adrenal medulla, hypercapnia and acidosis also augment secretion of catecholamines, but this does not involve mitochondria. Although the mechanism is not yet known, it seems likely that an acid-sensitive K + channel such as TASK is the target of hypercapnia and acidosis. Our own study of ion channels in isolated rat adrenal medullary cells shows that there are two types of acid-sensitive K + channels. One is TASK1/3 with a single-channel conductance of 34-pS and a mildly inward rectifying current-voltage relationship, similar to that in carotid body glomus cells. The other is a ∼36-pS K + channel but with single-channel kinetics different from those of TASK1/3 (see Fig. 5b ). The 36-pS K + channel was inhibited by 1 mM tetraethylammonium (TEA) applied to the extracellular side of the outside-out patches. It also showed a strong voltage-dependence and a high external pH sensitivity, similar to that previously observed in cerebellar granule cells where it was designated "Type 4 K + channel" [30] . The 36-pS K + channel was the second most frequently recorded channel in adrenal medullary cells. Therefore, both TASK and the 36-pS channel are likely to convey the acid signal to catecholamine secretion not only in the newborn but also in adult animals. In isolated adrenal medullary cells from newborn rats, TREK channels with low basal activity were also observed (Fig. 5c ). Human TREK-1 has been reported to be sensitive to low external pH [53] , and therefore could participate in regulating the secretion of catecholamines, especially if TREK activity is elevated in certain pathological conditions. Adrenal medullary cells also express a non-selective cation channel with properties similar to those of TRPM4 that is activated by a rise in [Ca 2+ ] I (Fig. 5d) . This TRPM4-like channel could be involved in hypoxia-induced depolarization and elevation of [Ca 2+ ] i . Surprisingly, adult TRPM4 −/− mice show enhanced catecholamine secretion in response to ACh and increased sympathetic tone and hypertension [40] . A possibility exists that deletion of TRPM4 elicits a compensatory response to enhance the sensitivity of the cells to ACh.
TASK and secretion of aldosterone
In this Issue, Bandulik et al. discuss the topic of aldosterone secretion by the adrenal gland from their studies using TASK knockout mice. Here, we focus on intracellular signaling pathways involving TASK/TREK. In adrenal glomerulosa cells of the cortex, AngII binds to AT1 receptors and promotes secretion of aldosterone, a mineralocorticoid that regulates fluid and salt balance (Fig. 6 ). As AT1 receptor is coupled to Gq, AngII is predicted to inhibit TASK in glomerulosa cells and cause cell depolarization leading to aldosterone secretion. Indeed, AngII was found to inhibit both TASK in glomerulosa cells as well as in oocytes expressing AT1 receptor and TASK [16, 18] . As predicted, deletion of TASK genes causes various types of hyperaldosteronism, but the phenotypes produced by knockout of TASK are not easily explained simply based on the function of TASK as a background K + channel. For example, the same TASK gene deletion produced different remodeling of the adrenal gland in male and female mice and the studies also suggest different roles for TASK-1 and TASK-3 in adrenal cortical function [3, 4] .
Stimulation of aldosterone production by metabolic acidosis enhances proton excretion and serves to limit disturbances in systemic acid-base equilibrium. Hyperkalemia is another well-known stimulus for aldosterone secretion. Hyperkalemia should cause depolarization by reducing efflux of K + through ] and is most likely TRPM4. These four types of ion channels were also present in adrenal cortical cells [29] . In the presence of AT 1 R blockade, acid loading in TASK −/− mice induced a marked increase in aldosterone production that was of greater magnitude than in WT mice. Although TASK is probably involved to a certain extent, this finding in TASK1/ 3 −/− mice indicates that there must be another target for acid.
Our own single channel studies show that there is in fact another type of K + channel that is highly pH o -sensitive and abundantly expressed in adrenal cortical cells. This acidsensitive (Type 4) K + channel is identical in biophysical properties to those described above for adrenal medullary cells and cerebellar granule neurons. The strong acid sensitivity (∼65 % inhibition by changing pH o from 7.3 to 6.8) suggests that this K + channel is likely to be a target for acid. The relative importance of TASK and the Type 4 channel in acid-induced production of aldosterone will need to be studied further. It seems quite possible that both K + channels are necessary for transduction of the acid signal into depolarization.
Interestingly, a high level of expression of TREK1 was reported in bovine adrenal glomerulosa cells with no detection of TASK3 mRNA [23] . Both AngII and vasopressin strongly inhibited (∼70-80 %) TREK1 and depolarized the cells by ∼30 mV [21] . Gq-coupled receptor agonists inhibited TREK1 and TREK2 in heterologous expression system, and this effect was observed in bovine adrenal glomerulosa cells. Inhibition of TREK1 by AngII was found to be due to a rise in [Ca 2+ ] i rather than PIP2 depletion [22] . The inhibition of TREK by Ca 2+ is somewhat curious because TREK in general is not thought of as a Ca 2+ -sensitive channel. Perhaps, the inhibition occurs indirectly via Ca 2+ -mediated signals in this particular cell type. In our own experiments, both TASK and TREK were observed in rat adrenal medullary and cortical cells, but mainly TASK was active. Formation of inside-out patches or applying arachidonic acid caused activation of TREK-like channels. Therefore, questions arise as to why bovine adrenal glomerulosa cells express only TREK1 and what makes TREK1 active at rest in these cells. It would be interesting to determine the expression of TASK and TREK in adrenal glands of other animal species and identify which of the two is involved in aldosterone secretion.
Stimulus-secretion coupling in other cell types
The stimulus-secretion coupling mechanisms described for the carotid body and adrenal gland resemble those described for pancreatic β cells. For example, glucose stimulates the release of insulin from pancreatic β cells. This involves ATPsensitive K + channel that is inhibited by glucose-generated ATP in the cell and TRPM2/4 that is activated by a rise in [Ca 2+ ] i and further modulates insulin secretion. A few other examples of stimulus-secretion coupling processes involving K 2P channels can also be identified. In hippocampal astrocytes, stimulation of the cannabinoid receptor induced a fast glutamate secretion that was dependent on binding of Gβγ to the N-terminus of TWIK1/TREK1 heterodimer [31, 63] . Authors have suggested an intriguing possibility that Gβγ binding induces a pore dilation to allow permeation of large molecules such as glutamate, but this remains to be experimentally demonstrated. In MLE-12 murine alveolar epithelial cells, chronic hyperoxia and mechanical stretch reduced the expression of TREK1 [55] . Authors have suggested that prolonged hyperoxia and stretch promote secretion of inflammatory mediators (cytokines) in this tissue as a result of reduced TREK1 function. Pancreatic exocrine cells express TALK1 and TALK2 that are modulated by nitric oxide and reactive oxygen species that regulate the secretory function [20] . Cardiac myocytes express TASK1 and TREK1, and secretion of atrial natriuretic peptide may be modulated by pH-and stretch-induced changes in these K + channel function. These examples suggest that K 2P channels are involved in stimulus-secretion coupling processes in many types of cells.
Future directions
K 2P channels such as TASK serve as background K + channels that provide the necessary K + efflux pathway to maintain a negative resting Em and aid in repolarization when cells depolarize. Studies in the carotid body and adrenal gland show that K 2P channels also participate in the secretion of transmitters and hormones in response to biological stimuli. This is accomplished by inhibition of a basally active K 2P channel, which leads to cell depolarization and Ca 2+ influx via voltagedependent Ca 2+ channels. The rise in [Ca 2+ ] i then promotes the exocytosis of vesicles containing transmitters and hormones. There are several important questions that still need to be addressed to better understand the role of K 2P channels in stimulus-secretion coupling. (1) How much contribution does each type of K 2P channel make to the stabilization of the resting Em in a given cell type? In other words, is the stimulus-induced inhibition of a K 2P channel alone sufficient to elicit the depolarization necessary for transmitter/hormone secretion, or does the K 2P channel work together with other ion channels to achieve the physiological response? These questions address the lack of effect of TASK deletion on hypoxic excitation of carotid body glomus cells and acidinduced secretion of aldosterone on adrenal cells. (2) How does a stimulus inhibit a K 2P channel such as TASK or TREK? At present, we do not fully understand how hypoxia inhibits TASK1/3 in chemoreceptor cells of the carotid body, how AngII modulates TASK in adrenal cortical cells, and how cannabinoids enhance glutamate secretion through TWIK1/ TREK1 heterodimers in astrocytes. These are difficult questions to answer and probably require new experimental techniques. (3) Are there ways to directly modulate the function of TASK or TREK to depress or enhance secretion of transmitters and hormones? For example, doxapram is a respiratory stimulant that inhibits TASK in the carotid body and possibly at other sites and helps in ventilation [14] . Development of drugs that acts on these K 2P channels would not only help to better understand the role of these K 2P channel but may also h e l p t o t r e a t c o n d i t i o n s s u c h a s d y s p n e a a n d hyperaldosteronism.
